We report a new 'spark erosion' technique for producing high-quality thermoelectric nanoparticles at a remarkably high rate and with enhanced thermoelectric properties. The technique was utilized to synthesize p-type Bi 0.5 Sb 1.5 Te 3 nanoparticles with a production rate as high as 135 g h −1 , using a relatively small laboratory apparatus and low energy consumption. The compacted nanocomposite samples made from these nanoparticles exhibit a well-defined, 20-50 nm size nanograin microstructure, and show an enhanced figure of merit, ZT, of 1.36 at 360 K. Such a technique is essential for providing inexpensive, oxidation-free nanoparticles which are required for the fabrication of high performance thermoelectric devices for power generation from waste heat, and for refrigeration.
Introduction
The strong global demand for renewable energy sources and for solid state, refrigerant-free cooling devices has generated widespread effort to produce cost-effective and efficient thermoelectric materials [1] [2] [3] . Thermoelectric materials can directly convert waste heat from manufacturing processes, converting heating systems, automobile exhausts, solar and geothermal sources, etc, into electrical power by the Seebeck effect, in which temperature differences produce electrical power. Conversely, the Peltier effect uses electricity for refrigeration [4, 5] . At present, both of these phenomena have only limited usage for these applications. The principal reason is the very low conversion efficiency of thermoelectric devices as compared to the corresponding mechanical systems. A dimensionless figure of merit, ZT, measures the efficiency of thermoelectric materials, with
where T is the absolute temperature, S the Seebeck coefficient, σ the electrical conductivity and κ the thermal conductivity that is composed of κ L , the lattice thermal conductivity, and κ e , the electronic thermal conductivity [4, 5] . In conventional bulk semiconductor materials, the parameters S, σ and κ e are interdependent, which makes the independent control of these quantities very challenging. As a result, the best bulk thermoelectric materials have possessed ZT ≈ 1 for more than 40 years. At room temperature, the present commercial thermoelectric products for cooling use zone-refined bulk alloys in the (Bi, Sb) 2 Te 3 and Bi 2 (Se, Te) 3 families with ZT of ∼1.0 [5] . During the last decade, the field of thermoelectrics has progressed enormously as evidenced by numerous reports showing enhanced ZT in nanostructured materials [2, 3] , such as superlattices of Bi 2 Te 3 /Sb 2 Te 3 [6] and PbSeTe/PbTe [7] , nanowires [8, 9] , and in bulk materials with complex structures [10] , such as lead antimony silver telluride (LAST) [11] and skutterudites [12] . It is now recognized that the enhanced ZT values in these nano-or complexstructured materials are mainly due to the reduced lattice thermal conductivity produced by stronger phonon-boundary scattering in nanostructures [2, 3, 13] . This approach has been shown to be quite generic provided that the characteristic nanostructure size is smaller than the phonon mean free path in the corresponding bulk material, which is usually dictated by Umklapp scattering and alloy scattering.
Over the last few years, in search for a more scalable route for making thermoelectric nanostructures, a new bulk-nanostructuring approach has been developed and has achieved very notable success [3, 13] . This new approach is based on the production of bulk thermoelectric composites from powders containing nanoparticles and/or a high density of grain boundaries. The key idea of the nanocomposites is to utilize the high density of grain boundaries to scatter phonons without significantly adversely affecting the charge transport. An additional economic advantage of consolidating nano-powders is the possibility of preparing net shapes without machining. The fabrication of various nanocomposite materials and their thermoelectric properties have been reported [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Among these reports, the production methods of the starting thermoelectric powders containing nanoscale features can be generally categorized into two approaches: top-down [14, 16, 18, 20-23, 32, 33] and bottom-up [24] [25] [26] [27] [28] [29] [30] [31] .
In demonstrating a top-down method, Poudel et al reported the fabrication of nanocomposite p-type Bi 0.5 Sb 1.5 Te 3 by ball milling the bulk alloys for several hours to nanometer dimensions in inert environments and hot-pressing these nano-powders to produce the sintered compacts [18] . They achieved a high ZT of 1.4 at 100 • C. The same group also reported a similar ball milling-hot pressing approach for a variety of thermoelectric materials, including n-type Bi 2 Te 2.7 Se 0.3 [34] , n-and p-type SiGe [16, 33] and n-type Si [23] , among others. Another recently developed approach is melt-spinning ribbons of the appropriate alloy, hand-grinding them and compacting them by spark plasma sintering (SPS) [20, 21] . A similarly high ZT of ∼1.5 at 360 K was observed in these (Bi, Sb) 2 Te 3 nanocomposites. The comprehensive characterization [20, 35] of the samples prepared from the ball milling and melt-spinning techniques demonstrated that the low κ L and the enhanced ZT were due to the nanocrystalline domains present.
Besides these top-down approaches, there have been a growing number of reports showing bottom-up routes used to produce particles for nanocomposites. Such methods are deemed attractive because of the tunability and uniformity of particle sizes, which are potentially important for additional enhancement by achieving the optimal size for quantum confinement effects. Several bottom-up methods have been employed to synthesize nanostructured thermoelectrics [6-9, 24, 25] , but since a reasonable yield is a prerequisite for achieving bulk samples, the approaches for fabricating nanocomposites are limited to solution processes [26] [27] [28] [29] [30] [31] . For example, Dirmyer et al reported the synthesis of bismuth telluride nanoparticles by a solution process where the particle size was controlled by the chain length of the capping compound, process time and temperature [26] . However, a main challenge to these ligand-based approaches has been the effective removal of this capping compound, which otherwise impedes electrical transport. While recent work on bottom-up methods has focused on ligand removal [28] or being ligand-free [29] , such techniques have yet to demonstrate a ZT higher than 0.5 at 25 • C, presumably due to the hindered charge transport or perhaps particle surface oxidation occurring during solution processing. In addition, these processes typically require centrifugation, overnight pumping, or other tedious means of particle collection.
Despite the very important successes of the various nano-bulk composite approaches, both the top-down and bottom-up methods have disadvantages. Although the topdown approach yields intriguing ZT, the yield of nanopowders for fabricating compacted samples is still relatively low, and in some cases the powder fabrication process itself can be very energy-consuming, which implies high cost. Meanwhile, the potentially low cost and scalable bottom-up approaches address this issue, but have yet to demonstrate a ZT comparable to bulk materials. Therefore, a new technique capable of delivering both advantages would be extremely attractive. Such a technique would produce clean thermoelectric nanostructures at a significantly improved production rate, which would also lead to nanostructured bulk composites that demonstrate the high ZT achieved by the 'top-down' approaches.
In this study, we demonstrate, for the first time, a powerful new technique for the fabrication of quality thermoelectric powders with nano-sized particulates and grain sizes at a remarkably high synthesis rate. The process is based on spark erosion, which has been developed to produce fine powders of metals, alloys and compounds in the micron size range [36, 37] . In this work, the spark erosion method has been optimized for the production of nanoparticles of thermoelectric materials. The resultant nanostructured compacts using spark eroded Bi 0.5 Sb 1.5 Te 3 show a high ZT of 1.36 at 360 K, close to the ZT values of similar alloys prepared by other top-down techniques described above [18, 20] . However, spark erosion offers very significant advantages over these other methods, particularly with respect to processing efficiency, rate of nano-powder production and scale-up potential. Furthermore, since spark erosion requires no crucible, there is no contamination issue, and oxygen-free processing conditions are readily achieved.
Methodology

The spark erosion process
In spark erosion, a charged capacitor is attached to electrodes of any conductive starting material. When the electric field across these two electrodes, separated by a sufficiently small gap, is larger than the dielectric breakdown field, the capacitor discharges producing a spark (micro-plasma) between the pieces involved. This micro-plasma, consisting of electrons and positive ions, is very hot, of order 10 000 K [36] . The kinetic energies of the faster electrons and slower ions are deposited on localized regions where the spark was initiated, superheating them to boiling. When the spark collapses, vaporized alloy and molten droplets are violently ejected from the boiling regions and propelled through the plasma region into the dielectric liquid where they are very rapidly quenched. This yields the production of nanoparticles used in the reported thermoelectric nanocomposites.
In order to achieve a high production rate, the 'shakerpot' version of the spark erosion technique was utilized, as depicted in figure 1(a) [36] . Here, a 10 cm diameter spark erosion cell is mounted in a double-walled, vacuum-jacketed glass container that holds the dielectric liquid. Two electrodes of the alloy of interest are mounted in the cell and connected to the pulsed power source. 'Charge' pieces of the same alloy, ∼2 cm in diameter in irregular shapes, fill the perforated Delrin support, making contact with the electrodes. Figures 1(b) and (c) are photographs of the 'shaker-pot' and the 10 cm cell, respectively. The glass container is vibrated so that contacts among the electrodes and charge pieces are made and broken frequently. Thus, electrical contact between the electrodes is made randomly, as are the gaps among the charge pieces across which the sparks are generated.
Since it is essential to prevent any oxidation of the Bi 0.5 Sb 1.5 Te 3 nanoparticles, we chose liquid nitrogen as the dielectric. We found several key advantages to working with cryogenic liquids. The vaporizing gas and low temperature were sufficient to prevent any oxidation while sparking. After the sparking process, the removal of the cryogenic liquid by vaporization is perhaps the simplest way of collecting nanoparticles, which would be more difficult in any other liquid medium. The shaker-pot was enclosed by a specialized cap designed with a vent, power leads and secure access for introducing the liquid nitrogen and new charge.
When a run was completed, the cell was removed from the shaker-pot, and most of the nitrogen was boiled off. The pot was then put into the load-lock of the glove box, where the remainder of the nitrogen was pumped off. The dry powder was then moved into the glove box with an argon atmosphere purified to ∼1 ppm oxygen. The samples were sieved with a vibrating sieve assembly to <53 µm to remove large particles and pieces chipped off the electrodes and charge. The oxygen content of powders handled in this manner was extremely small, 0.44 ± 0.02 at.%, as determined by chemical composition analysis using inert gas fusion-ASTM standard method. 
Materials
In this paper, the starting materials for spark erosion were zone-refined. High purity (>99.999%) Bi, Sb and Te granules were weighed according to the composition of Bi 0.5 Sb 1.5 Te 3 and loaded into a quartz tube of 20 mm in diameter. The tube was vacuum sealed under 10 −4 Torr, and the contents were melted and homogeneously mixed in a rocking furnace for 10 h at 1073 K, then quenched to room temperature. For the zone melting, the quenched ingot was directionally grown at a rate of 1 K min −1 .
Sample measurements and preparation
From the zone-refined ingot, disks (10 mm in diameter and 1 mm in thickness) for thermal diffusivity measurement and bars (2 mm × 2 mm × 8 mm) for carrier transport property and Seebeck coefficient measurement were cut in the plane and the axial directions of the ingot, respectively. For sintered compacts of spark eroded nanoparticles, disk-shaped bulk samples (10 mm in diameter and 13 mm in thickness) were fabricated from this powder by SPS under 90 MPa and at 450 • C for 1 min in a vacuum. The sample densities for these compounds were about 97% of theoretical densities. Disks for thermal diffusivity measurement and bars for carrier transport property and Seebeck coefficient measurement were cut in the planes parallel and perpendicular to the press direction, respectively (so that all three parameters were measured in planes parallel to the press direction; see figure S2 in the supporting information section available at stacks.iop.org/Nano/23/415604/mmedia).
For powder x-ray diffraction, samples were prepared on a glass slide in air and bound by a mixture of Devcon R Duco Cement and acetone. X-ray diffraction patterns were measured in a Rigaku Geiger-flex unit with Co radiation in the Bragg-Brentano mode.
The electrical conductivity and Seebeck coefficients were measured from 300 to 520 K by a four-point probe method using a thermoelectric measurement system (ZEM-3, ULVAC, Japan). The thermal conductivity values (κ = ρ s C p λ) were calculated from measurements taken separately; sample density (ρ s ), heat capacity (C p ) via the thermal relaxation method and thermal diffusivity (λ) were measured under vacuum by the laser-flash method (TC-9000, ULVAC, Japan).
Results and discussion
Spark erosion yield
The spark erosion nanoparticle synthesis rate was approximately 135 g h −1 for clean non-oxidized Bi 0.5 Sb 1.5 Te 3 alloy. This high rate, along with high ZT as shown below, is remarkable considering the small laboratory cell dimension of only 10 cm in diameter (∼1 l in volume), indicating that scale-up to many tons/month with either larger cell diameter or parallel operation of multiple units is quite feasible. Remarkably, the energy consumption of the spark erosion process is estimated to be <2.0 kWh kg −1 of Bi 0.5 Sb 1.5 Te 3 nanoparticles, based on the electrical power used by the pulse power mode operation.
The TEM micrograph in figure 2(a) shows some typical nanoparticles, illustrating their mostly spherical nature and nanoscale dimensions. Within these mostly spherical nanoparticles are smaller crystalline 'sub-grains'. The spark eroded Bi 0.5 Sb 1.5 Te 3 nanoparticles appear to be well crystallized, as shown in figure 2(b) . The lattice images in some of the nanoparticles in the TEM microstructure of figure 2(b) show their single crystal microstructure, while some of the larger particles are polycrystalline with a nanograin structure. exhibit relatively uniform diameters in the narrow range of ∼10-50 nm as determined by extensive TEM analysis (see figure S1 in the supporting information available at stacks.iop.org/Nano/23/415604/mmedia) with the average particle diameter being ∼25 nm. Nevertheless, even further enhancement of ZT would result from increasing the fraction of smaller nanoparticles in figures 2(a) and (d). This is the objective of some of our current research. shows that the mostly spherical nanoparticles are converted by the SPS into flat-sided parallelepiped grains. It is noteworthy that the sintering has not increased the grain size significantly over the original nanoparticles' dimensions. The higher magnification TEM in figure 3(b) indicates that many coherent grain boundaries are present in the sintered compacts. Figure 4 shows the x-ray diffraction patterns of the starting bulk ingot, the <53 µm spark eroded powder and the SPS compact made from the powder. Only lines of Bi 0.5 Sb 1.5 Te 3 are present (the shoulder on the 33 • line of the powder is not present in the compact, and remains an unexplained feature). The powder and compact patterns show random orientations. Random orientation of the crystallites' axes is necessary to ensure isotropy in thermoelectric devices, a very desirable feature. The transport properties of the starting bulk alloy and the SPS compact are shown in figure 5 . We note that the properties of a sample of the zone-refined starting material may be strongly influenced by its structural anisotropy. To examine that issue, Bi 0.5 Sb 1.5 Te 3 ingots were milled at 200 rpm for 10 h in a N 2 atmosphere using a planetary ball mill. The milled powder was sieved to obtain <45 µm diameter particles. This powder was then compacted under the same conditions as the spark eroded powder, and the transport properties were measured on disks and rods of the same sizes as used for the starting material and the SPS compacts of the spark eroded powder. The properties were very similar to those of the sample of starting material.
Compacted Bi
As shown in figure 5 , the electrical conductivity of the spark eroded samples is close to that of the starting bulk ingots ( figure 5(a) ), while the Seebeck coefficient is lower below (higher above) 400 K than that of the ingot ( figure 5(b) ). Overall, the power factor (S 2 σ ) values are comparable to those of the ingot below 360 K, and slightly higher above 360 K. The electrical transport properties of our spark eroded samples are very similar to those of the Bi 0.5 Sb 1.5 Te 3 nanocomposite reported by Poudel et al [18] , showing the comparable quality of nanoparticles fabricated by spark erosion, e.g, with minimal oxidation.
The thermal conductivity of the spark eroded samples is significantly lower than that of the ingot ( figure 5(d) ), which leads to a substantial increase in ZT over the entire temperature range of 300-520 K ( figure 5(f) ). The peak ZT of 1.36 at 360 K is significantly higher than that of ∼1.0 at 300 K for the bulk ingot, and is close to the highest reported ZT values in Bi 0.5 Sb 1.5 Te 3 nanocomposites fabricated by ball milling as well as melt-spinning (1.4 at 100 • C by Poudel et al [18] and ∼1.5 at 360 K by Xie et al [20] ). Above 360 K, the ZT of the spark eroded samples decreases with temperature as a result of the decreasing electrical conductivity and Seebeck coefficient as well as the increasing thermal conductivity. The electrical conductivity decreases because of enhanced carrier-phonon scattering at higher temperature. Furthermore, the total thermal conductivity is increased due to bipolar diffusion of carriers above 360 K, which is caused by the thermal excitation of minority carriers (electrons in this case) in narrow band-gap semiconductors such as Bi 0.5 Sb 1.5 Te 3 [10] . As shown in figure 5(b) , the onset of bipolar thermal diffusion also leads to a reduced Seebeck coefficient because of the coexistence of electrons and holes. A similar temperature dependence of the transport properties due to bipolar diffusion has also been observed in nanostructured Bi 0.5 Sb 1.5 Te 3 [18, 20] .
The enhanced ZT of the spark eroded Bi 0.5 Sb 1.5 Te 3 nanoparticles after sintering is primarily due to the reduced thermal conductivity from 300 to 520 K, and is partially due to the slightly increased power factor above 400 K. To elucidate this, we calculated the lattice thermal conductivity (κ L ) of both samples ( figure 5(e) ) via the following relationship: κ L = κ − κ e , where the electronic thermal conductivity (κ e ) is estimated from the Wiedemann-Franz law, κ e = LTσ , and the Lorenz number L 0 = 2.0 × 10 −8 V 2 K −2 , typical for a heavily doped semiconductor [21] . Figure 5(e) shows that the κ L in the spark eroded samples is reduced by about 50% over the entire temperature range, indicating stronger phonon scattering at nanograin interfaces, which is the main reason for the enhanced ZT. It is worth noting that the calculated κ L of our spark eroded samples is very similar to those of nanocomposite Bi-Sb-Te samples reported in [18, 20] if the same Lorenz number is used (see figure S3 in the supporting information section available at stacks.iop.org/Nano/23/415604/mmedia), indicating similar phonon and charge transport behavior, presumably due to the similar microstructures. Note that the calculated κ L shown in figure 5(e) also includes the contribution from the bipolar thermal conduction [10, 20, 35] , and may not represent the true lattice thermal conductivity [35] . Poudel et al [18] modeled κ L based on the Boltzmann equation and showed that it actually decreases with temperature, and is reduced by a factor of two in nanocomposites when compared to bulk. In our spark eroded and bulk samples, the fact that the peaks of the Seebeck coefficient and the minima of the total thermal conductivity occur at similar temperatures (360-400 K) suggests that bipolar thermal and electrical conduction becomes important above 360 K [18, 20] , and the higher Seebeck coefficient in the spark eroded samples indicates that the bipolar conduction is suppressed, which also contributes to the reduced κ and the enhanced ZT [20, 35] .
Summary
We have developed a uniquely efficient, cost-effective method for the production of thermoelectric nanoparticles at a high production rate. These nanoparticles were spark plasma sintered into nanograined thermoelectric alloy with a ZT comparable to the best reported values. The improved ZT is a result of the reduced lattice thermal conductivity, as well as the suppressed high temperature bipolar contributions to the electronic thermal transport. Spark erosion not only produces these clean, oxidation-free, high-ZT thermoelectric nanoparticles directly at low energy consumption, but the rate of production is very high, indicating that scale-up to many tons/month is quite feasible. Furthermore, it is anticipated that the use of this technique will be able to be extended to various other fields where nanoparticle production is a challenge. With the inherent nanoparticle synthesis and nanograined structure using spark eroded thermoelectric alloys, the prospects for further improvements in performance and production rate appear to be promising.
